Introduction {#s0005}
============

Esophageal cancer, comprised of two main histopathological types, esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma [@bb0005], is the sixth most common cause of cancer mortality worldwide [@bb0010] and the fourth most lethal cancer in China [@bb0015]. ESCC is the most dominant esophageal carcinoma in Asian countries, especially in China [@bb0020]. It has been reported that smoking and alcohol abuse are the major contributors to ESCC burden in Western populations, but the attributable factors for ESCCs in non-Western countries were less studied [@bb0025], [@bb0030]. Other factors, such as environmental factors, have also been reported to contribute to such high ESCC prevalence in China [@bb0035], [@bb0040], [@bb0045]. Currently, the viable therapeutic targets of ESCC remain to be identified, and ESCC patients suffer dismal outcomes from surgery, conventional chemotherapy, and radiotherapy [@bb0050], [@bb0055], [@bb0060].

Molecular heterogeneity has been demonstrated to contribute to the cancer recurrence and metastasis after treatment, and to be even resistant to treatment. Gene expression-based molecular subtyping has been successful in identifying subtypes of a number of tumors (including breast cancer, colon cancer, melanoma, lung cancer, leiomyosarcoma, uterine carcinosarcoma, and uterine leiomyosarcoma), which subsequently led to remarkable benefits in clinical treatments and prognosis [@bb0065], [@bb0070], [@bb0075], [@bb0080], [@bb0085], [@bb0090], [@bb0095]. To date, a number of studies have investigated the genomic and molecular signatures of ESCC [@bb0010], [@bb0020], [@bb0055], [@bb0100]; however, only few have attempted to stratify ESCC into different molecular subtypes [@bb0030], [@bb0105]. The Cancer Genome Atlas (TCGA) study suggested that Western and Asian ESCCs exhibit different gene expression patterns [@bb0030], making it even harder to define universal subtypes suitable for both Western and Asian ESCC patients. Because of the high incidence of ESCC in Asia and the difference in the gene expression patterns between Asian and Western ESCC patients, accurate molecular subtyping specifically for Asian ESCC is essential to improve our understanding of ESCC molecular heterogeneity and to potentially guide future treatment strategies.

In the current study, two common ESCC molecular subtypes were measured, defined, and solidified using gene expression profile data of 179 Chinese ESCC, 274 Japanese ESCC, and 37 Vietnamese ESCC cases.

Material and Methods {#s0010}
====================

Determination and Validation of Subtype in Each Asian ESCC Cohort {#s0015}
-----------------------------------------------------------------

Expression profiling data of 179 Chinese ESCC cases [@bb0110], which are publicly available through accession number GSE53625 in the Gene Expression Omnibus (GEO), were used as the discovery cohort. Dataset GSE69925 including 274 Japanese ESCC cases [@bb0115] and dataset TCGA comprised of 37 Vietnamese ESCC cases [@bb0030] were used as the validation cohorts. The datasets of GSE53625 and GSE69925 have been properly normalized in the original studies [@bb0110], [@bb0115]. As a result, we used the normalized data for following subtype analysis. The TCGA data were further normalized into transcripts per million reads on level 3 RNAseq data according to a previous study [@bb0085].

To define the ESCC molecular subtypes, Consensus clustering (R package Consensus Clustering Plus) [@bb0120] was ran on each dataset independently with parameters of "Distance -- (1-Pearson correlation), 80% sample resampling, 80% gene resampling, a maximum evaluated k of 12, and agglomerative hierarchical clustering algorithm over 1000 iterations" after filtering the gene expression datasets with standard deviation (SD) and transforming the data by gene-based centering. Then silhouette width (R package cluster) [@bb0125] was calculated to evaluate the accuracy of assignments from Consensus Clustering Plus.

Measurement of the Reproducibility of ESCC Subtypes Among the Three Cohorts {#s0020}
---------------------------------------------------------------------------

Subclass Mapping (SubMap) [@bb0130] of the GenePattern was performed to determine the reproducibility of ESCC molecular subtypes between GSE53625, GSE69925, and TCGA RNASeq datasets. And the SubMap was ran with parameters of "num. marker. genes = 300, num. perm = 1000 and num. perm. fisher = 1000."

Differential, Gene Ontology (GO), and Gene Set Enrichment Analysis (GSEA) {#s0025}
-------------------------------------------------------------------------

To investigate the subtype specific genes, SAM [@bb0135] and SAMSeq [@bb0140] were applied between ESCC molecular subtypes with a false discovery rate (FDR) of 0.05. Subsequently, GO and KEGG pathway analyses were performed using DAVID Bioinformatics Resources online version 6.7 (<https://david.ncifcrf.gov/>). GSEA [@bb0145] was used to investigate the subtype specific gene expression patterns and pathways. The TARGET V2 database (<https://www.broadinstitute.org/cancer/cga/target>) was used to identify potential therapeutic targets in each ESCC subtype.

Statistical Analysis {#s0030}
--------------------

Kaplan-Meier plots were used to compute the survival curves, and log-rank (Mantel-Cox) test was used to determine the statistical significance of survival between subtypes by using GraphPad Prism7 software. Significance of contingency analysis between subtypes was measured by the *χ*^2^ test and Fisher exact test using GraphPad Prism7 software.

Immunohistochemical Analysis {#s0035}
----------------------------

A tissue Arrayer (Beecher, MTA-1) was used to construct the ESCC tissue microarray (TMA) comprising of 166 primary ESCC cases collected from Linzhou Cancer Hospital, Henan, China, between 2010 and 2011, as an independent cohort, which were obtained with institutional review board approval and a waiver of consent due to the archival nature of the specimens. For immunohistochemical staining, primary antibodies against FOXA1 (1:300, Abcam, Ab55178), EYA2 (1:400, Abcam, Ab95875), LAMC2 (1:66, Millipore, MAB19562), and KRT14 (1:1200, Abcam, Ab7800) were used. The immunohistochemistry (IHC) was performed as previously described [@bb0150]. In brief, the TMA sections were baked in an oven for 1 hour, deparaffinized, and rehydrated with xylene and graded alcohols. After blocking by 3% H~2~O~2~ for 15-minute incubation, the sections were boiled in antigen retrieval buffer. Then, the TMAs were incubated in primary antibodies and HRP-conjugated secondary antibodies (Boster). After developing with diaminobenzidine, the sections were counterstained with hematoxylin and dehydrated in graded alcohols and xylene. The staining results were scored as follows: 0 (−), absence of any staining; 1 (+), weak/faint staining (\<10%); 2 (++), moderate staining (10%-30%); and 3 (+++), strong staining (**\>30**% positive). The cases were divided into negative/low, when scored as 0 or 1 (+), and positive staining, when classified as 2 (++) or 3 (+++).

Results {#s0040}
=======

Consensus Clustering Identifies Two Distinct ESCC Molecular Subtypes {#s0045}
--------------------------------------------------------------------

The clinical information of 179 Chinese ESCC patients was shown in [Table 1](#t0005){ref-type="table"} and [Supplementary Table S1](#ec0005){ref-type="supplementary-material"}. This ESCC cohort consists of 146 males (81.6%) and 33 females (18.4%), with a median age of 60 (range, 36-82) years. In this cohort, 20 (11.2%), 97 (54.2%), and 62 (34.6%) cases have ESCC in the upper, middle, and lower sites of esophagus, respectively. Approximately 63.7% patients of this cohort were documented with tobacco use, and 59.2% were alcohol users.

In order to identify the molecular subtypes of ESCC, Consensus Clustering was performed by genes with the most variable expression levels across the whole ESCC cohort. As shown ([Figure 1](#f0005){ref-type="fig"}, *A-C***)**, two molecular subtypes are the optimal number of clusters, determined with the greatest increase in the area under the empirical cumulative distribution function (CDF) curve. We next measured the confidence of subtype assignments with silhouette width ([Figure 1](#f0005){ref-type="fig"}*D*), showing that 160 of the 179 ESCC cases had a positive silhouette value, of which 95 belonged to subtype I and 65 to subtype II, and these reliable "core" cases with positive silhouette width were then used for the subsequent analysis, unless otherwise indicated.Table 1Clinicopathologic Characteristics of the Chinese cohort (*N* = 179)Table 1CharacteristicPatients, *n* (%)Subtype ΙSubtype ΙΙOther*P* ValueTotal number179956519Age (year).731 Median60605960 Range36-8236-8139-8245-72Sex.007\* Female33 (18.4)2355 Male146 (81.6)726014Tobacco use.958 No65 (36.3)34238 Yes114 (63.7)614211Alcohol use.002\* No73 (40.8)48178 Yes106 (59.2)474811Tumor location.146 Upper20 (11.2)1451 Middle97 (54.2)543310 Lower62 (34.6)27278Tumor grade.086 Poorly49 (27.4)27148 Moderately98 (54.7)56348 Well32 (17.9)12173T stage.187 T112 (6.7)921 T227 (15.1)10134 T3110 (61.4)593813 T430 (16.8)17121N stage.553 N083 (46.4)462611 N162 (34.6)31265 N222 (12.3)11101 N312 (6.7)732TNM stage.373 Ι10 (5.6)622 II77 (43.0)43259 III92 (51.4)46388Arrhythmia.541 No136 (76.0)695017 Yes43 (24.0)26152Pneumonia.248 No164 (91.6)846119 Yes15 (8.4)1140Anastomotic leak.810 No167 (93.3)906116 Yes12 (6.7)543Adjuvant therapy.503 No4528143 Yes104533912Unknown3014124Survival time (months).727 Median34.739.232.125.5 Range0.1-72.60.1-72.51.4-72.60.6-69.6Event.553 Dead106 (59.2)544012 Alive73 (40.8)41257Figure 1Identification of two molecular subtypes of ESCC in Chinese cohort. (A) Empirical cumulative distribution plot determines the optimal number of ESCC molecular subtypes. (B) Relative increase in the area under the CDF curve along with increasing assumed number of molecular subtypes. (C) Consensus clustering matrix of ESCC samples using two molecular subtypes. (D) Silhouette analysis of ESCC samples based on the assignments from Consensus Clustering.Figure 1

Validation of Subtypes in the Independent Datasets {#s0050}
--------------------------------------------------

To further validate and solidify the ESCC molecular subtypes as defined above and translate them into future clinical use, another two expression profiling datasets were collected from GEO and TCGA database as independent validation cohorts, including a cohort of 274 Japanese cases (GSE69925) and another cohort of 37 Vietnamese cases from TCGA. Regardless of different profiling methods (gene microarray and RNAseq) and different originations (China, Japan, and Vietnam) of ESCC patients in these three datasets, Consensus Clustering analysis consistently showed that there are two distinct molecular subtypes of ESCC in the Japanese and Vietnamese cohorts as well ([Figure 2](#f0010){ref-type="fig"} and [Supplementary Figure S1](#f0035){ref-type="graphic"}).

To further test the reproducibility of molecular subtypes between these three Asian datasets, SubMap analysis was performed among the three datasets. SubMap results showed that subtype A1 (Subtype I) in GSE53625, subtype B1 in TCGA dataset, and subtype C1 in GSE69925 were significantly correlated, and subtype A2 (Subtype II) in GSE53625, subtype B2 in TCGA dataset, and subtype C2 in GSE69925 were also significantly correlated, and demonstrated that both molecular subtypes were common and significantly reproduced in the three independent Asian cohorts, indicating their future potential clinical usage ([Figure 3](#f0015){ref-type="fig"}).Figure 2Identification of two molecular subtypes of ESCC in the Vietnamese (TCGA) and the Japanese cohorts (GSE69925). (A and B) Consensus clustering matrix shows two molecular subtypes of ESCC in TCGA and GSE69925 dataset, respectively. (C and D) Silhouette analysis for TCGA and GSE69925 datasets validates the subtype assignments from consensus clustering, respectively.Figure 2Figure 3SubMap association matrix among Chinese (subtype A1 and subtype A2), Vietnamese (subtype B1 and subtype B2), and Japanese data (subtype C1 and subtype C2). *P* value is corrected with FDR.Figure 3

Molecular Subtypes and Their Correlation to Clinical Features {#s0055}
-------------------------------------------------------------

In order to look at the preference of ESCC molecular subtypes to clinical characteristics, the association between clinical data and molecular subtypes was tested in Chinese cohort. Interestingly, the subtype II ESCC included significantly more male patients (60/65, 92.3%) than subtype I ESCC (72/95, 75.8%) ([Table 1](#t0005){ref-type="table"}, *χ*^2^ test; *P* = .007). It is noteworthy that a large number of patients in subtype II (48/65, 73.8%) were alcohol drinkers compared with 49.5% alcohol drinkers in subtype I (47/95) (*χ*^2^ test; *P* = .002). Subtype II ESCC patients had a median overall survival (OS) time of 32.1 months, and subtype I patients had a slightly longer median OS time of 39.2 months. However, survival curve analysis (Kaplan-Meier plots) showed that there was no significant difference in survival between the two subtypes. In addition, there was no significant difference between the two ESCC molecular subtypes for patient\'s age (*P* = .731), smoking (*P* = .958), tumor location (*χ*^2^ test; *P* = .146), grade (*χ*^2^ test; *P* = .086), and TNM stage (*P* = .373) in the Chinese, Japanese, and Vietnamese cohorts ([Table 1](#t0005){ref-type="table"}, [Table S2](#ec0010){ref-type="supplementary-material"}, [Table S3](#ec0015){ref-type="supplementary-material"}).

To build the general and comprehensive molecular subtypes of ESCCs, the ESCC cases after chemo/radio treatments are also included for the subtyping analysis in the discovery and validation cohorts, which is clinically meaningful and reasonable since the patients tolerant or resistant to previous chemo/radio treatments are much more eager to the subtype-targeted therapies. When comparing the status of chemo/radio treatments with ESCC molecular subtypes in the three cohorts, we found that there is no significant association between treatments and ESCC molecular subtypes in all three Asian cohorts ([Table 1](#t0005){ref-type="table"}, [Table S2](#ec0010){ref-type="supplementary-material"}, [Table S3](#ec0015){ref-type="supplementary-material"}), indicating that ESCC molecular subtypes are independent of previous chemo/radio treatments.

Functional Analysis of ESCC Subtype-Specific Genes {#s0060}
--------------------------------------------------

SAM analysis in Chinese cohort showed that a total of 8281 genes had a significant expression difference between the two molecular subtypes, of which 3065 genes were significantly overexpressed in subtype I ESCC than subtype II ESCC, while the other 5216 genes were significantly overexpressed in subtype II ESCC. The significantly overexpressed genes in each subtype were listed in [Supplementary Table S4](#ec0020){ref-type="supplementary-material"}.

Subsequently, to gain insight into the biological meaning of the subtypes, GO and pathway analyses were performed on the top 3000 overexpressed genes in each ESCC subtype. In total, 432 biological processes terms and 33 pathway terms were enriched in subtype I ESCCs, while 356 biological processes and 27 pathway terms were identified in subtype II ([Table S5](#ec0025){ref-type="supplementary-material"}, [Table S6](#ec0030){ref-type="supplementary-material"}). Interestingly, 220 of the top 3000 genes (7.3%) in subtype I ESCCs were related to immune response pathway, such as *CD5*, *CD27*, *CD38*, *CD83*, *CD37*, *CD74*, *CD28*, *CD19*, *CD226*, *IL2*, and *BCL6*, indicating that these immune-related genes are highly active in subtype I ESCC, potentially as a consequence of higher immunological activity in the subtype I ESCC ([Figure 4](#f0020){ref-type="fig"}*A* and [Supplementary Table S5](#ec0025){ref-type="supplementary-material"}), and signifying that subtype I ESCC patients might benefit more from immunotherapeutic methods. Tanaka et al. have reported I-type ESCCs in their study and shown overexpression of 234 immune activation-related genes exhibited beneficial response from CRT (chemoradiotherapy) [@bb0115]. When comparing these 234 immune activation-related genes with genes highly expressed in subtype I in our study, we found that 119 of 234 immune activation-related genes are also significantly overexpressed in subtype I ESCCs in our study. It suggested that the subtype I ESCCs in our study may correspond to the I-type ESCCs as previously reported [@bb0115]. Other biological pathways enriched in subtype I included calcium signaling, drug metabolism, chemokine signaling, *etc.* ([Figure 4](#f0020){ref-type="fig"}*A*).

In comparison, those genes overexpressed in subtype II were associated with a different set of biological pathways, including focal adhesion, regulation of actin cytoskeleton, epithelium development, glycolysis, MAPK pathway, regulation of cell cycle, apoptosis, programmed cell death, *etc.* ([Figure 4](#f0020){ref-type="fig"}*B*). In addition, well-described epithelium development genes, such as *E2F4*, *JUN*, *CFL1*, *VEGFA*, *KRT14*, *SFN*, *KRT5*, *LAMA3*, and *IRF6*, are highly expressed in the subtype II ESCC ([Supplementary Table S5](#ec0025){ref-type="supplementary-material"}).

The additional GSEA in the Chinese cohort further demonstrated that gene sets including immune network were significantly enriched in subtype I ESCC, while gene sets including amplification of ribosome and galactose metabolism pathways were overrepresented in subtype II ESCC ([Figure 5](#f0025){ref-type="fig"}).Figure 4Enriched biological pathways by analyzing overexpressed genes in each ESCC subtype. (A) KEGG pathway terms by analyzing overexpressed genes in subtype I. (B) KEGG pathway terms by analyzing overexpressed genes in subtype II.Figure 4Figure 5GSEA shows different gene expression signatures in distinct ESCC molecular subtypes. (A) Different gene expression patterns in subtype I and subtype II. Red, overexpressed genes; blue, downexpressed genes. (B) GSEA demonstrated enhanced activity of immune network and cell adhesion molecules pathways in subtype I. (C) GSEA showed enhanced activity of ribosome and galactose metabolism pathways in subtype II. Abbreviations: *NES*, normalized enrichment score; *FDR*, false discovery rate.Figure 5

Identification of Diagnostic Biomarkers for Different Subtypes {#s0065}
--------------------------------------------------------------

Based on SAM and SAMseq analysis of gene expression profiling data from the three cohorts and the availability of commercial antibodies, we found that four genes are top-ranked in the SAM/SAMseq analysis in the three cohorts and high-quality antibodies against them are commercially available. In order to develop subtype diagnostic biomarkers as performed in others [@bb0085], [@bb0155], these four genes, including *FOXA1* and *EYA2* overexpressed in subtype I ESCC, and genes *LAMC2* and *KRT14* overexpressed in subtype II ESCC, were selected to be further tested in another independent Chinese cohort, respectively ([Supplementary Table S7](#ec0035){ref-type="supplementary-material"}). The fourth independent Chinese cohort included 166 ESCC cases which were put on a tissue microarray for IHC staining. The clinical information of 166 Chinese ESCC patients was shown in [Supplementary Table S8](#ec0040){ref-type="supplementary-material"}. IHC results showed that 64.2% (104/162) and 62.6% (102/163) of the ESCC cases were positive for FOXA1 and EYA2, respectively **(**[Figure 6](#f0030){ref-type="fig"}, *A* and *B*), and the IHC scores of FOXA1 and EYA2 staining were significantly correlated (*r* = 0.397, *P* \< .001, Spearman correlation). The IHC staining results of LAMC2 and KRT14 showed that they are positive in 16.3% (27/166) ([Figure 6](#f0030){ref-type="fig"}*C*) and 41.4% (67/162) of ESCC cases ([Figure 6](#f0030){ref-type="fig"}*D*), respectively. Moreover, the IHC scores of LAMC2 and KRT14 were found to be also significantly correlated (*r* = 0.253, *P* = .001, Spearman correlation) as FOXA1 and EYA2 did.

Potential Clinical Implication of ESCC Subtyping {#s0070}
------------------------------------------------

The ultimate goal of recognizing ESCC molecular subtypes is to develop subtype-specific therapeutic methods and translate them into clinical use; the importance of delineating these ESCC subtypes lies in proposing particular therapeutic approaches appreciated to each subtype.Figure 6Immunohistochemical markers for subtype I and subtype II ESCC. (A, B, C and D) Representative staining for FOXA1, EYA2, LAMC2, and KRT14, respectively (positive, score 3; negative, score 0), 100×.Figure 6

In order to find potential novel therapeutic methods for each ESCC subtype, we compared our ESCC subtype-specific overexpressed genes with TARGET database [@bb0160], a database including gene targets and their functional inhibitors, to identify gene targets that have the possibility to be translated into meaningful clinical implication, as performed in other studies [@bb0165], [@bb0170], [@bb0175]. As shown in [Table 2](#t0010){ref-type="table"}, seven genes significantly overexpressed in subtype I ESCC, including *BCL2*, *FLT3*, and *KIT*, and six genes overexpressed in subtype II ESCC, including *CDK6*, *CDKN1A*, *NRAS*, and *EGFR*, had potent target-oriented inhibitors available in clinic or clinical trials. All analyses indicated that above-stated targeted therapies may be potentially suitable and effective for ESCC patients from different subtypes when further validated.Table 2Potential Target Genes Enriched in Each Molecular SubtypeTable 2Gene OverexpressedExamples of Potential Therapeutic Agents*BCL2*BCL2 inhibitors*DNMT3A*DNAMT inhibitors*FGFR2*FGFR inhibitorsSubtype I*FLT3*Sunitinib, FLT3 inhibitors*KIT*Imatinib, Sunitinib, Novel KIT inhibitors*MITF*Vemurafenib, Dabrafenib, RAF inhibitors*TMPRSS2*PARP inhibitors*CDK6*CDK4/6 inhibitors*CDKN1A*CDK inhibitorsSubtype II*EGFR*Erlotinib, Gefitinib, EGFR inhibitors*MET*Gefitinib, Erlotinib, EGFR inhibitors, Crizotinib, MET inhibitors*NRAS*Vemurafenib, Dabrafenib, RAF inhibitors, MEK inhibitors*ROS1*Crizotinib

Discussion {#s0075}
==========

Esophageal squamous carcinoma is a major esophageal malignancy in Asian and African populations, particularly in China [@bb0180], [@bb0185], [@bb0190], [@bb0195], accounting for about 90% of esophageal carcinoma [@bb0200]. ESCC, occurring three to four times more common in men than in women, is reported to be associated with environmental risk factors, including tobacco, alcohol, diet, human papillomavirus infection, esophageal diseases, oral health, *etc.* [@bb0205], [@bb0210]. At present, the widely accepted ESCC clinical diagnosis, prognosis, and treatments are still based on the TNM staging system. However, due to the heterogeneity of cancers at the molecular and genetic levels [@bb0215], [@bb0220], patients with the same stage may reach quite different clinical outcomes when given identical treatment. So in-depth exploration of the molecular heterogeneity of ESCC will not only help us understand the progression mechanisms of ESCC but also offer the opportunities to develop subtype-specific and personalized therapeutic strategies for ESCC patients.

Recently, TCGA demonstrated the remarkable molecular differences of ESCCs between Western and Vietnamese populations [@bb0030]. Liu et al. reported the molecular discrepancy of ESCC in sub-Saharan by comprehensive molecular analysis [@bb0105]. However, to date, few studies have focused on exploring the molecular heterogeneity of ESCC in Asian population, a population with the highest prevalence of ESCC.

In our study, two ESCC molecular subtypes were identified by analyzing the expression profile of 179 Chinese ESCCs and then validated in two independent Asian cohorts: a Japanese cohort with 274 ESCC cases and a Vietnamese cohort with 37 ESCC cases. Although samples in different cohorts were from different countries and different profiling methods were used in these three studies, the two ESCC molecular subtypes were significantly reproducible among these three Asian ESCC cohorts.

Exploring ESCC in the light of subtypes therefore may expand our understanding of ESCC pathology, and different subtypes of ESCC may develop or progress from the different genomic events or distinct cell processes. The functional annotation analysis showed that subtype I ESCC cases overpresented the genes in immune response process. For example, the receptors *CD96* and *TIGIT* which are expressed on the surface of T and NK cells and play important inhibitory roles in immune function were found to be significantly overexpressed in subtype I [@bb0225]. *CD96* has been identified to be highly expressed in acute myeloid leukemia and T-cell acute lymphoblastic leukemia [@bb0230] and also been proposed as a cancer stem cell marker in leukemia [@bb0235]. Interestingly, *TIGIT* is highly expressed on both CD8^+^ T-cells and Tregs in many clinical tumor settings [@bb0240], [@bb0245], and blockage of TIGIT can enhance T-cell function, particularly when used in combination with PD-1/PD-L1 blockade [@bb0245], [@bb0250]. The high expression of immune response--related genes in subtype I suggests that this tumor subtype might be more likely to benefit from immunotherapy.

In contrast, the GO biological processes terms enriched in subtype II ESCC included ectoderm development, cell proliferation, regulation of apoptosis, cell cycle, cell motion, glycolysis process, *etc.* ([Supplementary Table S5](#ec0025){ref-type="supplementary-material"}). The genes overexpressed in subtype II ESCC, including *FOSL1* [@bb0255], *PTHLH* [@bb0260], *CAV1* [@bb0265], and *LAMC2* [@bb0270], which have been reported to be overexpressed in a certain number of cancers, can promote cell proliferation, migration, and invasion. *LAMC2* was also reported to be associated with tumor metastasis, recurrence, and poor prognosis in different types of cancers [@bb0275], [@bb0280], [@bb0285]. *FOSL1*, a downstream effector of oncogene *KRAS* and a component of the mitotic machinery, can be used as a prognostic marker to identify mutant KRAS in lung and pancreatic cancer patients with the worst survival outcome [@bb0255]. *KRT14* and *PDPN* are tumor basal cell markers, both of which were significant overexpressed in subtype II ESCCs, while *SIX1* was reported to maintain or increase *PDPN*-positive cancer stem cells [@bb0290]; however, *SIX1* was only found to be significantly overexpressed in subtype II ESCCs from TCGA dataset in Vietnamese cohort in our study. In addition, subtype II ESCCs were characterized by increased expression of glycolytic pathway genes, including *PKM2*, *HK2*, *PFKP*, *PGAM4*, *ALDOA*, and *LDHA*. Cancer cells are addicted to glycolytic anaerobic pathways even under normal oxygen levels, a phenomenon first described by Otto Warburg [@bb0295]. *PKM2* can promote the Warburg effect, and its expression level is usually higher in human cancer biopsies than in adjacent normal tissues [@bb0300], [@bb0305]. *HK2*, one member of hexokinase family, has also been widely studied in the cancer research, particularly for its roles in chemoresistance and prognosis [@bb0310], [@bb0315].

Alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) are the primary enzymes involved in alcohol metabolism; carrying these genetic variants, such as alcohol dehydrogenase1C\*1 (ADH1C\*1) homozygotes, often confers a higher risk for alcohol-related cancers, such as esophageal adenocarcinoma and gastric cancer risk [@bb0320], [@bb0325]. In the Chinese cohort, subtype II cases include more male patients and alcohol drinkers. It should be noted that genes associated with alcohol metabolism were significantly underexpressed in molecular subtype II compared with subtype I ([Supplementary Table S4](#ec0020){ref-type="supplementary-material"}), including *ADH1A*, *ADH1C*, *ADH4*, *ADH7*, *ALDH1A1*, and *CYP2E1*. Meanwhile, we analyzed the association between drinking and molecular subtypes in the Vietnamese dataset and found that subtype II also had a higher percentage (72.2%) of alcohol users compared to subtype I with 66.6%, but the ratio did not reach significance (*χ*^2^ test; *P* = .745) ([Supplementary Table S2](#ec0010){ref-type="supplementary-material"}).

*FOXA1* is an upstream regulator of *KRT7* and *LOXL2*, which is expressed in a subset of poor prognostic ESCC patients; some of the FOXA1-positive ESCC cases show glandular structures. *FOXA1* siRNA can reduce the expression levels of both *KRT7* and *LOXL2*; knockdown of either *FOXA1* or *LOXL2* could reduce invasion and migration of ESCC cells [@bb0330]. In our study, we found that both *FOXA1* and *KRT7* are overexpressed in subtype I ESCCs, while *LOXL2* is significantly overexpressed in subtype II ESCCs. Some of the FOXA1-positive ESCC cases also show the glandular structures that Sano et al. previously reported [@bb0330]; however, there is no significant outcome difference between the two molecular subtypes. The discrepancy about *LOXL2* expression between the two studies indicates the molecular heterogeneity and complicated progression mechanisms of ESCCs.

Development of subtype-specific diagnostic IHC biomarkers will facilitate the clinical translation of ESCC molecular subtypes. To achieve this, we collected additional 166 Chinese ESCC cases as the fourth cohort and determined the expression levels of subtype-specific genes in the fourth cohort using IHC (FOXA1 and EYA2 for subtype I, LAMC2 and KRT14 for subtype II); the IHC results showed significant correlation between genes from the same subtype.

Currently, the therapeutic strategies available for ESCC patients were very limited. All novel drugs in clinical trials for ESCC are tested as if ESCC is a homogeneous group. In this scenario, the effect of a novel drug that affects only one molecular subtype may not become noticeable when cases belonging to other subtypes are included in the trial and not recognized as separate entities. Conducting molecular subclassification and developing subgroup targeted treatment methods have been shown to be very successful in other types of cancers, *e.g.*, breast cancer and lung cancer. A well-known example is the clinical trial of Herceptin treatment, in which HER2-positive breast cancer patients benefited from Herceptin treatment the most, whereas HER2-negative patients poorly responded to the treatment [@bb0335]. Therefore, molecular subtyping of ESCCs would shed light on the subtype-specific therapeutic methods as well. In our study, we demonstrated that a number of known targets were significantly and specifically overexpressed in subtype I and subtype II ESCCs, including *BCL2*, *FLT3*, *KIT*, and *FGFR2* in subtype I and *EGFR* in subtype II, respectively ([Table 2](#t0010){ref-type="table"}). Amplification of antiapoptotic Bcl-2 family proteins has been reported to be related with chemotherapy resistance in various cancers, and successful development of drugs targeting Bcl-2 family members (oblimersen sodium, AT-101, ABT-263, GX15-070) might potentially overcome the chemoresistance for cancer patients, particularly for subtype I ESCC [@bb0340]. *EGFR*, a well-known gene whose mutation status has been successfully used to guide the clinical treatment for non--small cell lung cancer patients [@bb0175], [@bb0345], might also serve as a therapeutic target for subtype II ESCC patients.

In conclusion, we defined two molecular distinct subtypes of ESCCs, which were common and reproduced in Japanese cohort and Vietnamese cohort. Our study opens the opportunities to explore the ESCC subtype-specific mechanisms for malignancy development and progression, and may shed light on the ESCC subtype-specific therapeutic treatments.

The following are the Supplementary data related to this article.Table S1The Clinical Information of 179 Chinese ESCC CasesTable S1Table S2Clinicopathologic Characteristics of the Vietnamese Cohort (*N*=37)Table S2Table S3Clinicopathologic Characteristics of the Japanese Cohort (*N*=274)Table S3Table S4SAM Analysis Results Between Different ESCC Subtypes in Chinese DatasetNote before reading this table:1. Genes were ranked by the SAM significance; positive value means that the gene is significantly overexpressed in Subtype II ESCC; minus value means that the gene is overexpressed in Subtype I ESCC.2. Decreased absolute values of ranks from rank 10 to 1 (or −10 to −1) indicate increased significances. Genes with rank 1 or −1 are the most significant ones from SAM output.Table S4Table S5Enriched GO Biological Processes (BP) Terms by Genes Overexpressed in each ESCC SubtypeTable S5Table S6Enriched KEGG Pathway Terms by Genes Overexpressed in Each ESCC SubtypeTable S6Table S7Comparison of the Expression Profiles Between Subtypes in GSE53625, TCGA, and GSE69925 with SAM AnalysisTable S7Table S8The Clinical Information of 166 Chinese ESCC CasesTable S8Figure S1Implication of two molecular subtypes of ESCC in the Vietnamese and the Japanese cohorts. (A and B) Empirical cumulative distribution plots for the Vietnamese and the Japanese datasets, respectively. (C and D) Relative increase in the area under the CDF curve along with increased number of molecular subtypes for the Vietnamese and the Japanese dataset, respectively.Figure S1
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